Abstract
Introduction
In the United States, sunflower (Helianthus annuus L.) is cultivated in the Great Plains Region for cooking oil, confectionary uses, and birdseed. In 2014, confection and oil-seed sunflower were planted on 0.63 million ha [1] . North Dakota (0.27 million ha), South Dakota (0.22 million ha) and Kansas (0.03 million ha) are the three major sunflower-growing states in the country. As with most field crops, sunflower is vulnerable to weed interference, especially during first 3 to 4 weeks after planting [2] . Maximum seed yields are reported when sunflower is kept weed free 4 to 6 weeks after planting [3] . Biennial wormwood (Artemisia biennis Willd.), Russian thistle (Salsola iberica Sennen & Pau), Canada thistle (Cirsium arvense L. Scop.), green foxtail (Setaria viridis), kochia (Kochia scoparia L. Schrad.), redroot pigweed (Amaranthus retroflexus L.), wild buckwheat (Polygonum convolvulus L.), common lambsquarters (Chenopodium album L.) and common ragweed (Ambrosia artemisiifolia L.) are among the most common weeds interfering with sunflowers in the northern Great Plains (Minnesota, North Dakota, and South Dakota) [4] . The most common and troublesome weeds in sunflower fields in the central Great Plains (Colorado and Kansas) are Palmer amaranth (Amaranthus palmeri S. Watson), kochia, puncturevine (Tribulus terrestris L.) and Russian thistle [4] .
Weeds can cause significant sunflower yield loss. Yield loss as much as 60% has been reported when a weed population consisting of large crabgrass Digitaria sanguinalis L. Scop.), goosegrass (Eleusine indica L. Gaertn.), sicklepod (Cassia obtusifolia L.), tall morningglory (Ipomea purpturea L. Roth), ivy leaf morningglory (I. hederacea L. Jacq.), and redroot pigweed competed with sunflowers for 8 weeks after planting [3] . Wild oat (Avena fatua L.) interference reduced sunflower yields by 54% [5] . Season-long competition by kochia at densities of 0.3, 1, 3, and 6 plants•m −1 of row decreased sunflower seed yield by 7%, 10%, 20%, and 27%, respectively [6] . In a multi-location study in Northern Great Plains, when kochia plants emerged at the same time as the sunflowers, plant height, number of leaves, head diameter and stem diameter were reduced and as a result up to 76% yield losses were reported [7] . However, kochia plants that emerged after the four-leaf stage of the sunflower crop did not affect sunflower growth and development, yield, or seed quality [7] . Therefore, early weed management is necessary to prevent loss from weed interference in sunflower production. Most sunflower hectares receive a preemergence herbicide application but herbicide options for sunflower are limited, especially for control of many broadleaf weed species. Sulfentrazone, a protoporphyrinogen oxidase (PPO) inhibiting herbicide, is widely used for control of broadleaf weeds but it has little activity on grass weeds and is usually tank mixed with S-metolachlor or pendimethalin for broad spectrum weed control.
Pyroxasulfone
is a relatively new herbicide in the pyrazole herbicide family. It has preemergence activity and inhibits shoot elongation of susceptible seedling plants by inhibiting the biosynthesis of very-long-chain fatty acids [8] . Though pyroxasulfone is from a different herbicide family, it has the same mode of action as chloroacetamide herbicides (Group 15) including acetochlor, dimethenamid, and metolachlor. However, pyroxasulfone has higher specific activity than other Group 15 herbicides which allows for much lower use rates compared to chloroacetamide herbicides. Studies from western Kansas reported similar or greater weed control with pyroxasulfone at 125 to 500 g•ha −1 compared to S-metolachlor at 1070 to 4260 g•ha −1 , which means effective use rates of pyroxasulfone were as low as approximately 12% of S-metolachlor use rates [9] . Fall application of pyroxasulfone at 209 g•ha −1 controled broadleaf signalgrass (Urochloa platyphylla (Nash.) R.D. Webster) and velvetleaf (Abutilon theophrasti Medik.) as much as 85 and 77%, respectively at 197 days after treatment compared to 57 and 10%, respectively with S-metolachlor at the same rate [10] .
Pyroxasulfone is currently labeled in the United States for use in corn, soybean and wheat (Zidua®, BASF Corporation, 26 Davis Dr, Research Triangle Park, NC 27709, USA). The maximum labeled use rate of pyroxasulfone for corn, soybean and wheat are 235, 206 and 118 g•ha −1 , respectively. Several research reports have indicated effective annual grass and broadleaf weed control with pyroxasulfone. In non-irrigated corn in Kansas, pyroxasulfone at 250 g•ha −1 controlled green foxtail and Palmer amaranth 86 -100% and 87 -99%, respectively [9] . In furrow-irrigated corn in Montana, ≥94% control of velvetleaf and kochia, and ≥89% wild buckwheat control with 250 g•ha −1 of pyroxasulfone has been reported [11] . In a study in Louisiana, pyroxasulfone at 150 g•ha −1 controlled barnyardgrass (Echinochloa crus-galli L. Beauv), Palmer amaranth, and smooth pigweed (Amaranthus hybridus L.) 96 to 100% at 20 days after application [12] . Dose-response curves showed pyroxasulfone at 200 to 300 g•ha −1 provided excellent control of most grasses and certain broadleaf species in corn for at least 4 weeks of growing season on soils with up to 3% organic matter [13] .
Pyroxasulfone currently is not registered for use in sunflower. However, multiple coordinated field experiments from North Dakota to Kansas over a three-year period indicated preemergence (PRE)-applied pyroxasulfone controlled many annual grass and broadleaf weeds as well or better at rates three to eight-times lower than herbicides currently registered for use in sunflower with only occasional incidences of minor injury that did not reduce seed yield [14] . In two of those experiments, pyroxasulone at 208 g•ha −1 controlled Palmer amaranth 87 -97% and a tank mixture of 167 g•ha −1 pyroxasulfone plus 105 g•ha −1 sulfentrazone provided complete Palmer amaranth control [15] . The authors cautioned additional trials were needed to determine whether mixtures of pyroxasulfone and sulfentrazone consistently provide improved weed control compared to commercial herbicides. Hence, a study was conducted to evaluate weed control efficacy and sunflower response to different rates of pyroxasulfone with and without sulfentrazone.
Material and Methods
Field experiments were conducted during the 2011 and 2012 growing seasons near Hays (38.85N, 99.34W) and Colby (39.39N, 101.06W) in Kansas, USA. The Hays experimental site was rainfed and the Colby experimental site received supplemental irrigation periodically as needed to avoid moisture stress. Soil characteristics are shown in Table 1 . Soil pH was measured in a 1:1 mixture of soil and water [16] and soil organic matter was measured by the Walkley-Black method [17] . The experimental design was a randomized complete block with four treatment replications. Experimental treatments included three rates of pyroxasulfone (100, 200 and 400 g•ai•ha , S-metolachlor at 1280 g•ai•ha −1 + sulfentrazone at 140 g•ha −1 and a non-treated control were also included. Sunflower hybrids used and seeding rates are shown in Table 1. Sunflower hybrids were midseason, medium-height hybrids with favorable drydown characteristics. Seeds were planted in rows spaced 76 cm apart. Plots were 3 by 6.7 m with four rows of sunflower. Herbicides were applied PRE to crop and weeds using a CO 2 -powered backpack sprayer delivering 115 L•ha −1 at 220 kPa pressure.
The predominate weed species was Palmer amaranth at both locations in 2011 and 2012. Kochia was present only at Colby in 2011 and puncturevine was present at both locations in 2012. Weed control was rated visually on a scale of 0 (no effect) to 100 (complete control). Weed control ratings were determined 3 and 6 weeks after treatment across sites and years. Crop response also was rated visually at 3 weeks after treatment on a scale of 0 to 100. Unfortunately, seed yields were not determined because of late-season hail and/or substantial bird and wildlife damage (plants unrooted).
Data were analyzed using the general linear model procedure of the Statistical Analysis System (Statistical Analysis Systems Institute, Cary, NC, USA) and means were separated at the 5% significance level using Fisher's protected LSD. Percent weed control data were arcsine transformed before analysis, but original values are presented in this paper. The control treatment was omitted from weed control analyses. Data were pooled over years and sites when there was no year-by-site-by-treatment interaction.
Results
Monthly mean temperature and total rainfall data at experimental sites during 2011 and 2012 are presented in Figure 1 . Both years showed similar trends in air temperatures with highest in July and lowest in September and October. In 2011, a total of 276 and 360 mm rainfall was received during cropping season at Hays and Colby, respectively which was normal. However, in 2012, only around 50% of the normal rainfall was received at both locations. In 2011, rainfall at Hays within the 3 days before PRE herbicide application totaled 34 mm. The first beneficial rainfall was 25 mm at 17 days after herbicide application (DAA). At Colby, 46 mm rainfall was received over a period of 6 DAA. In 2012, 43 mm rainfall was received over a period of 4 DAA at Hays and 44 mm irrigation water was applied through overhead sprinkler system over a period of 5 DAA at Colby. Overall, the soil moisture received through rainfall or irrigation was sufficient to activate the PRE herbicides at both locations in 2011 and 2012.
Palmer Amaranth Control
Across sites and years, Palmer amaranth control with PRE-applied pyroxasulfone alone or in combination with sulfentrazone ranged from 87 to 99% at 3 weeks after application (WAA) and 76 to 98% at 6 WAA ( Table 2) . Pyroxasulfone alone at 100 g•ha −1 controlled Palmer amaranth 87% at 3 WAA. Increasing pyroxasulfone rate to 200 and 400 g•ha −1 increased Palmer amaranth control to 94 and 97%, respectively. These results were similar to those of studies in Texas where at least 90% Palmer amaranth control was achieved with 208 g•ha −1 of pyroxasulfone at 4 WAA [18] . In our study at 3 WAA, tank mixing pyroxasulfone at 100 g•ha −1 with sulfentrazone at 280 g•ha −1 increased Palmer amaranth control to 97% compared to 87% for the same rate of pyroxasulfone alone; however, it was similar to the same rate of sulfentrazone alone (93%). Mixing higher rates of pyroxasulfone (200 and 400 g•ha −1 ) with any rate of sulfentrazone did not improve Palmer amaranth control. In a multi-location study conducted in Kansas, North Dakota and South Dakota, increased Palmer amaranth control by combining pyroxasulfone and sulfentrazone at the lowest rates tested (167 + 105 g•ha −1 ) compared to the same rate of pyroxasulfone alone was also reported previously [15] .
At 3 WAA, sulfentrazone alone at 70 g•ha −1 provided the least Palmer amaranth control (77%) of all the treatments tested ( Table 2) . Sulfentrazone at 140 g•ha −1 was similarly effective as any rate of pyroxasulfone alone.
As the season progressed, Palmer amaranth control decreased in sunflower plots treated with lowest rate of pyroxasulfone ( Table 2 ). The control with pyroxasulfone alone at 100 g•ha −1 decreased to 76% at 6 WAA compared to 87% at 3 WAA. However, tank mixing pyroxasulfone at 100 g•ha −1 with sulfentrazone at 140 g•ha −1 or more maintained Palmer amaranth control >90% at 6 WAA. In a dose response study in a soil with 3% organic matter, it was reported that 152 g•ha −1 of pyroxasulfone was required for 90% control of tall waterhemp (Amaranthus tuberculatus (Moq.) at 4 WAA [13] . It was also reported that 198 g•ha −1 of pyroxasulfone was needed to achieve 90% control at 6 WAA. In our study, pyroxasulfone at 200 and 400 g•ha −1 , with or without sulfentrazone, controlled Palmer amaranth >90% at 6 WAA and there was little decline in control compared to 3 WAA. Conversely, Palmer amaranth control decreased to 69, 78 and 83% at 6 WAA compared to 77, 92 and 93% at 3 WAA in plots treated with sulfentrazone alone at 70, 140 and 280 g•ha −1 , respectively. Tank mixing sulfentrazone at 140 g•ha −1 with pendimethalin at 1390 g•ha −1 or S-metolachlor at 1280 g•ha −1 did not improve Palmer amaranth control compared to sulfentrazone alone at 6 WAA. These results suggested that pyroxasulfone was more persistent and provided longer weed control compared to sulfentrazone. Pyroxasulfone has a relatively long soil half-life (35 to 45 days) [19] .
Puncturevine Control
At Colby in 2012, no treatment provided >88% puncturevine control at 3 WAA ( Table 2 ). Pyroxasulfone at 100 g•ha −1 controlled puncturevine 80% at 3 WAA but control declined to 64% at 6 WAA. Increasing pyroxasulfone rate to ≥200 g•ha −1 or tank mixing with sulfentrazone did not increase puncturevine control. Sulfentrazone at 70 and 140 g•ha −1 provided much less puncturevine control (45 and 40%, respectively) compared to pyroxasulfone at 100 g•ha −1 . In an earlier study also in Kansas, poor puncturevine control (68%) with sulfentrazone at 140 g•ha −1 was reported [20] . In the present study, increasing the rate of sulfentrazone from 140 to 280 g•ha −1 increased puncturevine control from 40 to 68%. However, tank mixing sulfentrazone at 140 g•ha −1 with S-me-tolachlor at 1280 g•ha −1 or pendimethalin at 1390 g•ha −1 did not increase control compared to the same rate of sulfentrazone alone.
At 6 WAA, puncturevine control decreased considerably with all treatments compared to 3 WAA. No treatment provided ≥75% control ( Table 2) . Even the highest rates of pyroxasulfone and sulfentrazone (400 and 280 g•ha −1 , respectively) did not provide commercially acceptable puncturevine control (54 and 45%, respectively). Greatest puncturevine control (74%) at 6 WAA was achieved with pyroxasulfone at 400 g•ha −1 + sulfentrazone at 140 g•ha −1 . However, in comparison, the commercial standards sulfentrazone at 140 g•ha −1 plus S-metolachlor at 1280 g•ha −1 or pendimethalin at 1390 g•ha −1 provided ≤30% control. At Hays, no significant difference in puncturevine control was observed among herbicide treatments (data not shown). Puncturevine control at Hays ranged from 83 to 96% at 3 WAA and 78 to 91% at 6 WAA. Heavy puncturevine seed bank in the soil at Colby could be the reason for lower performance of herbicide treatments against puncturevine at Colby compared to Hays.
Kochia Control
At Colby, PRE-applied pyroxasulfone at 100 g•ha −1 controlled kochia 98% and 200 and 400 g•ha −1 rates provided 100% control at 3 WAA (Table 3) . Similarly, in a study in Montana, 95 -100% control of kochia with 250 g•ha −1 of pyroxasulfone has been reported [11] . Sulfentrazone at 70 g•ha −1 also controlled kochia 99%; Table 3 . Kochia control with pyroxasulfone and sulfentrazone combinations at 3 weeks after preemergence application, Colby, 2011 a,b . or pendimethalin at 1390 g•ha −1 also provided complete control of kochia at 3 WAA. There was little or no change in kochia control for any treatment from 3 to 6 WAA (data not shown).
-----------------------------------%--------------------------------------------------

Crop Injury
No treatment visibly injured sunflower anytime during the season or reduced plant population in any site-year (data not shown). This is consistent with previous reports of excellent tolerance of sunflower to pyroxasulfone over a wide range of soils and environments [14] [15] .
Results from this study support previous findings and indicate pyroxasulfone has potential to be a valuable preemergence herbicide in sunflower. Combinations of pyroxasulfone at 100 g•ha −1 and sulfentrazone at 140 g•ha −1 or pyroxasulfone alone at 200 g•ha −1 provided similar or greater broadleaf weed control with no crop injury compared to commercial standards sulfentrazone at 140 g•ha −1 plus S-metolachlor at 1280 g•ha −1 or pendimethalin at 1390 g•ha −1 . Additional studies are needed on additional weed species over wide range of soils and environmental conditions.
